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INTRODUCTION 





On May 19, 1989, Pratt & Whitney was awarded contract NAS8-37595 by the National Aeronautics and Space 
Administration, Marshall Space Flight Center, Huntsville Alabama for an Advanced Development Program (ADP) 
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The option phase included design of the pump and support hardware, analysis of the final configuration to ensure 
design integrity, fabrication of hardware to demonstrate low cost, DVS Testing of hardware to verify the design, 
assembly of the turbopump and full scale turbopump testing. 
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2.1 TRADE STUDIES 
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the trade studies conducted. 
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-HOWMET (WICHITA FALLS) QUOTES 15-20% COST INCREASE 
FOR HOLLOW AIRFOILS 

-USE OF HOLLOW A/F'S ELIMINATES FORGED BLADES FROM 
CONSIDERATION 
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SINGLE STAGE TURBINE 
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TWO STAGE TURBINE 
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HIGHER DN (WITHIN EXPERIENCE) 





£5 

3 : a: 

P ZD 


Q 

Q 

< 

a: 

i — 

CO CO 

z , 
Q QC 

h- LU 

^ — J 
3 O 

o 9? 


Q 3 
Q X 
< X 
££ LiJ 
I — ^ 
CO O 


< < 

CO CO 


< < < 

2 CO CO 

Q ^ ^ 

I — LU LU 



CONFIGURATION #1 - ATD BALL/ROLLER 



UNITED 

TECHNOLOGIES 

PRATT&WHITNEY 



CONFIGURATION #2 - NEW BALL/BALL 
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ITEM 3b - ROTORDYNAMICS 




CONFIGURATION #3 - NEW BALL/BALL 
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• BUNG (CAST BLADED RING, BONDED TO FORGED DISK) 
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intregal disk and shaft 





BOLTED DISK & SHAFT 
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TWO INDIVIDUAL DISK, BOLTED TO SHAFT 
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FIGURE 2 - WEIGHTING FACTOR ADJUSTMENT TABLE FOR IMPELLER FABRICATION. 
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NOTE: 

Pump/ Engine is the percentage of the pump level item relative to the engine level item. 



FIGURE 3 - TRADE STUDY INPUTS FOR SELECTION OF IMPELLER FABRICATION 
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TURBINE INLET HOUSING 
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FIGURE 2 - WEIGHTING FACTOR ADJUSTMENT TABLE FOR TURBINE INLET HOUSING. 
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ip/ Engine is the percentage of the pump level item relative to the engine level item. 



FIGURE 3 - TRADE STUDY INPUTS FOR SELECTION OF TURBINE INLET HOUSING 
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FIGURE 2 - WEIGHTING FACTOR ADJUSTMENT TABLE FOR TURBINE EXIT HOUSING. 



NOTE: 

Pump/ Engine is the percentage of the pump level item relative to the engine level item. 
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SHAFT / DISK 
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NOTE: 

B/L- Bolted Shaft /Disk, A LT1- Inertia Welded Shaft /Disk, ALT2-One-Piece Forged Shaft/Disk 
N/ A-Not Applicable , 1-No Significant Difference. 

Maintenance- occurs after the launch. Launch Delay -at the pad, Analysls—at the pump lev$l 
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TRADE STUDY TABLE FOR SELECTION OF BEARINGS 



B/L— New Ball/Ball with Straddled Turbine, ALT1— New Ball/ATD Roller with Straddled Turbine, ALT2— New Ball/Ball with Overhung Turbine 
N/A-Not Applicable, 1 -No significant difference. 

Maintenance- occurs after the launch. Launch Delay -at the pad, Analysis-at the pump level 
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FIGURE2 - WEIGHTING FACTOR ADJUSTMENT TABLE FOR BEARINGS. 
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NOTE: 

Pump/ Engine is the percentage of the pump level item relative to the engine level item. 
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FIGURE 1 - TRADE STUDY TABLE FOR SELECTION OF BEARINGS 



U/L-New Ball /Ball with Straddled Turbine, ALT1— New Bail/ ATD Roller with Straddled Turbine, ALT2--New Ball/ Ball with Overhung Turbine 
N/ A -Not Applicable , 1-No data available at this time 

Maintenance— occurs after the launch. Launch Delay -at the pad, Analysis-at the pump level 



Pump/ Engine is the percentage of the pump level item relative to the engine level item. 
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FIGURE 1 - TRADE STUDY TABLE FOR SELECTION pF\ TURBINE INLET HOUSING. 



B/L-Torodlal ALT 1-Volute. 

N/A~Not Applicable , 1-No data available at this time 

Maintenance- occurs after the launch. Launch Delay -at the pad. Analysis- at the pump level 





FIGURE 2 - WEIGHTING FACTOR ADJUSTMENT TABLE FOR TURBINE INLET HOUSHJ6 . 
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NOTE; 

Pump/Engine is the percentage of the pump level item relative to the engine level item. 




FIGURE 1 - TRADE STUDY FOR SELECTION OF SHAFT AMD DISK 



B/L-Bolted Shaft /Disk, ALTI-Inertia Welded Shaft/Disk, A LT2 -One- Piece Forged Shaft/ Disk 
N/ A-Not Applicable , 1-No data available at this time 

Maintenance- occurs after the launch, Launch Delay -at the pad, Analysis-at the pump level 


FIGURE 2 - WEIGHTING FACTOR ADJUSTMENT TABLE FOR SHAFT AND DISK 
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ip/ Engine is the percentage of the pump level item relative to the engine level item. 



FIGURE 3 - TRADE STUDY INPUTS FOR SELECTION OF SHAFT AND DISK 



ly Inputs required for calculation* arc entered In thla section. All other Inputs arc entered in the Trade Study Table, 
inputs are colored red. 




A preliminary design of the oxygen turbopump, incorporating low cost, high reliability features, was completed 
and a Preliminary Design Review (PDR) was conducted at NASA-MSFC on October 24, 1990. 
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CONDUCTED DURING PHASE I OF THE ADP PROGRAM 
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The overall success and accuracy of the cost model in predicting operational production costs depended on the 
ADP program going forward through the manufacture of the turbopump to provide actual manufacturing data for 



the model. However, many individual aspects of the cost model were developed and utilized throughout the STBE, 
and STME programs to predict production costs for individual engine modules. 
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• MODEL PROVIDES COST IMPACTS ON BASELINE/SCALED TURBOPUMP 

• BASELINE COSTS REFLECT ALTERNATE APPROACHES INCORPORATED 
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• REFURBISHMENT REQUIREMENTS 

• PREUUNCH TASKS 
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DELIVERABLE MODEL 
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PRELIMINARY COST MODEL SCHEDULE - BASIC PHASE 
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DETAILED COST MODEL SCHEDULE - OPTION PHASE (CONTINUED) 


1 



1 

2 

o 

. rT Q D <ET 


w» 

CM 

Q TJ U 0 

R 

| 

1 

i 




<v 

at 

at 


- i n 


at 


f cm i 


c* 



OF POOR QUALITY 








OXYGEN TURBOPUMP COST MODEL 

NASA REQUIREMENTS 



ORIGINAL PAGE 18 
OF POOR QUALITY 




„„„„ booster/orbiter propulsion 

RECORD OF IMPORTANT CUSTOMER COMMUNICATIONS 


CONTACT: 


AFFILIATION: NASA/MSFC 


Mr. David Taylor 


PHONE NUMBER: 205-544-0 597 
SUBJECT: Advanced Deyelo 


P*W CONTACT: Hr. Tow Haves 

EXTENSION: 407-796-3615 

OATE: 

nt Program (APP) - Cost Model ReQuirementT" 


TIME: 9:30am 


SUMMARY OF IMPORTANT INFORMATION: 

Ref: Letter from Oave Taylor to Tom Hayes, 

-Subject same as above, dated July 19, 1989 

Pratt and Whitney has reviewed the preliminary list of reauirements for th* 
.n°d the 

-reported In J987 dol lent end uftrow taw* tails raqetream^tl 1 1 

i^tc*f!2T!! n lL 8ro “ nd rule deluded regarding How acceptance test 
I? **»*■«* for **■* «mponents. Since a production -compo nent 
^vou Id normally be tested as part of an engine acceptance test we suo&est that 
acceptance test costs not be Included at the component level . 9§ 

Jh® *»del outputs included in this document are quite limited Are these 

SroJided 1 ???!^ li * th ? ones 4v * nable 1n the ADP component wst models* 
t0 . the Jther engine contractors? If so, does NASA want more cost 
visibility from the model than this list indicates? 
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COST MODEL- ISSUES AND QUESTIONS 
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MODEL DELIVERIES 




INCONEL 718 IMPELLER CASTING DEMONSTRATION 
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OXYGEN TURBOPUMP 

Impeller Casting Demonstration, Spin Testing and 
Material Characterization 
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Successfully spin tested cast impeller to 150% stress level 
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OXYGEN TURBOPUMP 

Comparative Grain Size - 100X Magnification 



Spin impeller 
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DISK / SHAFT FORGING DEMONSTRATION 
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This section contains the objectives, work description and accomplishments of this task as well as photographs of 
the cast housing, test specimens and grain sizes. Report FR-22579, a summary report of PWA 1490 material 
characterization, is also included. 
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(PWA 1490) in H2 is complete. 

Have completed the planned 134 point PWA 1490 test matrix. 
Found reduction of properties only during LCF testing in 1000 PSI, 
ambient temperature, H2 environment. 
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FOREWORD 


"This summary report is submitted to NASA-Marshall Space Flight Center, Huntsville, Alabama by 
Pratt & Whitney/Govemment Engines & Space Propulsion. The report contains a summary of material 
characterization testing, completed on fine-grain cast Pratt & Whitney 1490 (Inconel 718), for turbine structural 
housing applications in the NLS oxidizer turbopump. The test effort was initiated in November 1990 and 
completed in August 1992. 
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SECTION 1.0 
INTRODUCTION 

Pratt & Whitney (P&W), under the National Launch System (NLS) Advanced Development Oxidizer 
Turbopump Program (NAS8-37595), has been conducting ongoing fabrication demonstrations and material 
evaluation tasks to support the selection of baseline materials for various oxidizer turbopump (OTP) components. 
This task complements the trade studies and OTP preliminary design efforts being conducted under Phase B of 
the Space Transportation Engine Program (NAS8-38170). The objective of these combined studies is to select 
the lowest-cost alloy and fabrication process for OTP components, while providing adequate structural integrity. 

At the inception of this program, material evaluation efforts began for the turbine structural housings. The 
OTP uses two large turbine housings that serve as inlet and exit volutes for the gas generator working fluid. 
Considerable benefits in cost and lead time could be attained through the use of cast housings, although a suitable 
cast alloy would be required to meet the structural demands of the turbine operating environment. 

Material screening and characterization of fine-grain cast PWA 1490 (Inconel 718) and other potential cast 
alloys were initiated to determine which cast material (if any) could meet the structural requirements of the 
turbine. Based on the material property data generated and input from casting suppliers, fine-grain cast PWA 
1490 was selected as the optimum alloy for the turbine structural housings. Full characterization of this alloy 
was continued to obtain the data required for design. This report contains the results of all material testing 
completed on PWA 1490 during this advanced development program. 
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1.1 PWA 1490 BACKGROUND 

The PWA 1490 used in the characterization program was machined from structural housings that were cast 
using the Microcast-X (MX) process. The MX process, developed by the Howmet Corporation, is a proprietary 
fine-orain casting process that has been successfully used to cast many large structural components with a grain 
size ranging between ASTM 1.5 and 5. The process produces a cellular-like microstructure rather than the 
dendritic structure normally observed in cast alloys. These grains closely resemble the grains in a forging. 
A fine-grain, cellular-like microstructure provides improved mechanical property uniformity, increased fatigue 
properties and ductility, and better weldability. These benefits are derived at the expense of high-temperature 
stress rupture properties, however, stress rupture is less important for this application. 

Since the OTP housings will be exposed to a hydrogen environment, material resistance to hydrogen 
embrittlement must be determined. Therefore, PWA 1490 and the other potential alloys were tested in 1000 psi 
hydrogen for comparison with standard air tests. Extensive mechanical property testing detailed in the body of 
this report shows that PWA 1490 has excellent resistance to hydrogen embrittlement at pressures under 1000 psi. 
The testing also demonstrated that PWA 1490 outperformed the other potential alloys. 
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SECTION 2.0 

PWA 1490 MATERIAL CHARACTERIZATION RESULTS 
2.1 SUMMARY MATRIX 

A summary of the characterization testing performed on PWA 1490 is provided in Table 2-1. This material 
property testing was initiated in November 1990 and completed in August 1992. 


Table 2-1. PWA 1490 Characterization Matrix Completed 


Test Type 

Temperature 
C° (°F) 

Gas Environment 

So . Tests 
Required 

So. Tests 
Completed 

Smooth Tensile 

RT 

Air 

10 

8 (2*) 


RT 

Hydrogen - 1000 psi 

13 

14 


537.8 (1000) 

Air 

3 

8 


537.8 (1000) 

Hydrogen * 1000 psi 

6 

10 

Notch Tensile 

RT 

Air 

10 

7 (3*) 


RT 

Hydrogen - 1000 psi 

. 10 

10 


537.8 (1000) 

Air 

3 

7 


537.8 (1000 ) 

Hydrogen - 1000 psi 

3 

9 

Smooth LCF 

RT 

Air 

6 

6 


RT 

Hydrogen - 1000 psi 

6 

7 


537.8 (1000) 

Air 

4 

4 


537.8 (1000) 

Hydrogen - 1000 psi 

6 

6 

Doable Notch LCF 

RT 

Air 

9 

5 (4*) 


RT 

Hydrogen - 1000 psi 

5 

5 


537.8 (1000) 

Air 

5 

6 


537.8 (1000) 

Hydrogen - 1000 psi 

5 

5 

Smooth HCF 

RT 

Air 

9 

6(3*) 


RT 

Hydrogen - 1000 psi 

6 

6 


537.8 (1000) 

Air 

5 

5 


537.8 (1000) 

Hydrogen - 1000 psi 

5 

8 

Crack Propagation 

RT 

Air 

2 

(2*) 


RT 

Hydrogen - 1000 psi 

2 

2 

Fracture Toughness 

RT 

Hydrogen - 1000 psi 

1 

1 



Total: 

134 

159 

* Indicates Tests Completed Under Different 

Contract 




2.2 SMOOTH TENSILE TESTS 

Strength and ductility of PWA 1490 was characterized in air and 1000 psig hydrogen at both room temperature 
and 537.8°C (1000°F). Baseline air tensile testing was performed in a standard air environment at atmospheric 
pressure. Hydrogen tensile testing was performed in a 1000 psig environment with less than lppm oxygen. 
Additional tests were completed in 5000 psig to compare the hydrogen degradation of PWA 1490 tensile 
properties to other cast Inconel 718 test data. Also, attempts were made to maximize the hydrogen degradation 
of PWA 1490 by exposing specimens to a 6 hour hydrogen bath prior to test The results of required tests 
and the additional tests are given in Table 2-2 and Table 2-3. Table 2-2 features all room temperature tests 
completed on PWA 1490, while Table 2-3 shows the results of all 537.8°C (1000°F) testing. All material used 
during this characterization program was machined from cast structural housings of comparable size and shape 
to the STME LOX turbopump turbine housings. This ensures that all resulting data is representative of actual 
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material properties within a PWA 1490 structural housing. Cast bars or plates were not used because they yield 
an unrealistic optimum metallurgical state and higher than average material properties. 

Table 2-2. Smooth Tensile Properties of PWA 1490 in Air and Gaseous Hydrogen at Room Temperature 


Specimen 

Identity Environment 

Pressure 

(psig) 

Temperature 
C° (°F) 

Strength 

0.2% Yield 
(KSI) 

Ultimate 

(to SI) 

EL 

(%) 

Ductility 

RA 

(%) 

2899-1 

Air 

0 

23.9 (75) 

149.1 

170.7 

11.5 

17.5 

-2 

Air 

0 

23.9 (75) 

146.4 

175.0 

19.2 

28.8 

-3 

Air 

0 

23.9 (75) 

149.6 

169.1 

8.8 

17.2 

2900-7 

gh 2 

1000 

23.9 (75) 

153.3 

176.3 

16.0 

24.8 

-8 

gh 2 

1000 

23.9 (75) 

151.2 

173.3 

16.9 

27.6 

-9 

gh 2 

1000 

23.9 (75) 

150.6 

173.9 

15.5 

21.5 

3028-1* 

gh 2 

1000 

23.9 (75) 

154.6 

165.5 

3.5 

10.9 

-2* 

gh 2 

1000 

23.9 (75) 

153.2 

164.2 

4.8 

11.4 

3253-6 

gh 2 

5000 

23.9 (75) 

155.1 

176.8 

13.5 

25.8 

-7 

gh 2 

5000 

23.9 (75) 

151.5 

175.8 

13.3 

22.6 

-8 

gh 2 

5000 

23.9 (75) 

148.6 

168.9 

10.9 

20.8 

3404-1 

Air 

0 

23.9 (75) 

147.6 

168.5 

14.1 

26.5 

-2 

Air 

0 

23.9 (75) 

146.3 

168.5 

15.2 

25.0 

-3 

Air 

0 

23.9 (75) 

148.0 

170.9 

16.7 

23.7 

-4 

gh 2 

1000 

23.9 (75) 

148.6 

171.4 

14.9 

26.1 

5 

gw 2 

1000 

23.9 (75) 

147.4 

170.1 

18.1 

30.2 

-6 

gh 2 

1000 

23.9 (75) 

148.8 

172.6 

18.5 

28.3 

-7 

gh 2 

5000 

23.9 (75) 

145.5 

167.2 

14.3 

22.2 

-8 

gh 2 

5000 

23.9 (75) 

144.8 

165.2 

14.7 

23.3 

-9 

gh 2 

5000 

23.9 (75) 

143.0 

163.1 

14.7 

27.2 

3644-1 

Air 

0 

23.9 (75) 

146.9 

166.4 

11.7 

18.5 

-2 

Air 

0 

23.9 (75) 

145.5 

166.9 

15.3 

23.3 

3645-3 

gh 2 

1000 

23.9 (75) 

150.6 

166.6 

6.1 

8.9 

-4 

gh 2 

1000 

23.9 (75) 

147.0 

168.3 

14.0 

22.6 

3849-1 

gh 2 

1000 

23.9 (75) 

149.9 

174.7 

19.5 

29.0 

-2 

gh 2 

1000 

23.9 (75) 

147.6 

160.2 

5.5 

18.3 

-3 

gh 2 

1000 

23.9 (75) 

148.8 

171.2 

17.6 

27.8 

-4 

gh 2 

1000 

23.9 (75) 

133.8 

152.1 

9.2 

19.3 


*6 Hour Exposure to 1000 psig Gaseous Hydrogen at 1000®F Prior to Test 
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Table 2-3. Smooth Tensile Properties of PWA 1490 in Air and Caseous Hydrogen at 537.8° C (1000° F) 


Strength 


Ductility 


Specimen Pressure 0.2% Yield Ultimate 

Identity Environment (psig) Temperature C ° (° F) (ksi) (ksi) 

537.8 (1000) 122.0 135.7 

537.8 (1000) 121.8 140.3 

537.8 (1000) 121.8 140.0 


2899-4 

Air 

0 

-5 

Air 

0 

-6 

Air 

0 


EL 

(*) 

6.8 

16.0 

18.8 


RA 

f%> 

23.1 
31.4 

33.1 


2900-10 

gh 2 

1000 

-11 

gh 2 

1000 

-12 

gh 2 

1000 

3028-3* 

gh 2 

1000 

-4* 

gh 2 

1000 

3253-9 

gh 2 

5000 

-10 

gh 2 

5000 

-11 

gh 2 

5000 

3404 -10 

Air 

0 

-11 

Air 

0 

-12 

Air 

0 

-13 

gh 2 

1000 

-14 

gh 2 

1000 

-15 

gh 2 

1000 

-16 

gh 2 

5000 

-17 

gh 2 

5000 

-18 

gh 2 

5000 

3644-6 

Air 

0 

-7** 

Air 

0 


537.8 (1000) 

122.9 

537.8 (1000) 

119.7 

537.8 (1000) 

120.8 

537.8 (1000) 

128.1 

537.8 (1000) 

124.8 

537.8 (1000) 

119.6 

537.8 (1000) 

123.7 

537.8 (1000) 

122.6 

537.8 (1000) 

120.6 

537.8 (1000) 

122.1 

537.8 (1000) 

120.9 

537.8 (1000) 

120.8 

537.8 (1000) 

117.8 

537.8 (1000) 

120.0 

537.8 (1000) 

117.9 

537.8 (1000) 

113.3 

537.8 (1000) 

119.8 

537.8 (1000) 

124.1 

537.8 (1000) 

94.5 


139.9 

1L2 

21.9 

136.5 

14.5 

24.0 

137.9 

16.1 

28.7 

142.5 

10.5 

23.0 

140.8 

10.5 

22.2 

137.4 

15.5 

26.2 

141.9 

12.8 

22.2 

139.7 

12.1 

20.4 

138.1 

15.5 

33.1 

139.9 

14.9 

29.8 

137.2 

13.3 

30.9 

136.1 

14.3 

31.3 

135.2 

16.5 

32.1 

136.3 

14.1 

32.7 

132.8 

15.6 

25.8 

127.7 

12.7 

21.6 

133.8 

12.7 

25.3 

140.7 

16.5 

30.5 

118.1 

27.3 

38.6 


3645-8 GH 2 

-9 GH 2 


1000 537.8 (1000) 

1000 537.8 (1000) 


122.4 137.5 

119.7 134.1 


*6 Hour Exposure to 1000 psig Gaseous Hydrogen at 1000°F Prior to Test 
"Temperature Reached 1500°F Before Stabilizing at 1000°F Data Not Included in Mean 


14.8 

13.1 


28.4 

25.5 
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2.3 NOTCH TENSILE TESTS 

Notch tensile tests were performed on PWA 1490 to determine the notch strength of the alloy in both air and 
1000 psig hydrogen. Baseline air testing was completed in a standard air environment at atmospheric pressure. 
Hydrogen tensile testing as performed in a 1000 psig environment with less than 1 ppm oxygen. Added tests, not 
driven by design requirements, were completed in 5000 psig to determine the maximum degradation possible in a 
hydrogen environment. Hydrogen degradation of PWA 1490 properties was also tested by exposing specimens to 
a 6 hour hydrogen bath prior to test. The results of all the notch tensile tests are given in Table 2—4 and 2—5. All 
room temperature lists are shown in Table 2-4. The results of all 537.8°C (1000°F) tests are given in Table 2-5. 


Table 2-4. Notched Tensile Properties of PWA 1490 in Air and Gaseous Hydrogen at Room Temperature 


Specimen 

Identity 

Environment 

Pressure 

(psig) 

Temperature 

CYF) 

Stress 

Concentration 

(K t ) 

Notch 

Strength 

(ksi) 

2852-13 

Air 

0 

23.9 (75) 

3.1 

237.5 

-14 

Air 

0 

23.9 (75) 

3.1 

242.2 

-15 

Air 

0 

23.9 (75) 

3.1 

238.3 

2851-16 

gh 2 

1000 

23.9 (75) 

3.0 

243.8 

-17 

gh 2 

1000 

23.9 (75) 

3.0 

246.1 

-18 

gh 2 

1000 

23.9 (75) 

3.0 

243.3 

3050-5* 

gh 2 

1000 

23.9 (75) 

3.0 

224.4 

3253-1 

gh 2 

5000 

23.9 (75) 

3.1 

232.1 

-2 

gh 2 

5000 

23.9 (75) 

2.9 

238.0 

-3 

gh 2 

5000 

23.9 (75) 

2.9 

227.2 

3992-1 

Air 

0 

23.9 (75) 

3.1 

240.9 

-2 

Air 

0 

23.9 (75) 

3.1 

244.5 

-3 

gh 2 

1000 

23.9 (75) 

2.9 

235.8 

4 

gh 2 

1000 

23.9 (75) 

3.1 

238.1 

-5 

gh 2 

5000 

23.9 (75) 

3.1 

235.5 

-6 

gh 2 

5000 

23.9 (75) 

3.1 

229.5 

3584-A6 

gh 2 

1000 

23.9 (75) 

7.6 

252.1 

-B3 

gh 2 

1000 

23.9 (75) 

7.6 

248.5 

-C 

gh 2 

1000 

23.9 (75) 

9.2 

287.3 

3585-A5 

Air 

0 

23.9 (75) 

9.2 

240.1 

-B 

Air 

0 

23.9 (75) 

9.2 

248.7 


*6 Hour Exposure to 1000 psig Gaseous Hydrogen at 1000°F Prior to Test 
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Table 2-5. Notched Tensile Properties of PWA 1490 in Air and Gaseous Hydrogen at 537.8° C (1000° F) 


Specimen 

Identity 

Environment 

Pressure 

(psig) 

Temperature 

C°(° F) 

Stress 

Concentration 

(K,) 

* Notch 
Strength 
(ksi) 

2852-19 

Air 

0 

537.8 (1000) 

3.1 

199.0 

-20 

Air 

0 

537.8 (1000) 

3.1 

196.0 

-21 

Air 

0 

537.8 (1000) 

3.1 

197.8 

2851-22 

gh 2 

1000 

537.8 (1000) 

3.0 

193.5 

-23 

gh 2 

1000 

537.8 (1000) 

3.0 

194.3 

-24 

gh 2 

1000 

537.8 (1000) 

3.0 

192.2 

3050-6* 

gh 2 

1000 

537.8 (1000) 

3.0 

191.7 

3253-4 

gh 2 

5000 

537.8 (1000) 

2.9 

195.0 

-5 

gh 2 

5000 

537.8 (1000) 

2.9 

195.4 

3992-7 

Air 

0 

537.8 (1000) 

3.1 

197.9 

-8 

Air 

0 

537.8 (1000) 

3.1 

198.3 

-9 

gh 2 

1000 

537.8 (1000) 

3.1 

196.4 

-10 

gh 2 

1000 

537.8 (1000) 

3.1 

190.3 

-11 

gh 2 

5000 

537.8 (1000) 

3.1 

186.6 

3584-F1 

gh 2 

1000 

537.8 (1000) 

7.6 

190.4 

-D5 

gh 2 

1000 

537.8 (1000) 

7.6 

199.0 

-Gl 

gh 2 

1000 

537.8 (1000) 

9.2 

204.6 

3585-D 

Air 

0 

537.8 (1000) 

9.2 

203.0 

-Gl 

Air 

0 

537.8 (1000) 

9.2 

204.0 


*6 Hour Exposure to 1000 psig Gaseous Hydrogen at 1000° F Prior to Test 
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2.4 SMOOTH LOW-CYCLE FATIGUE 

2.4.1 SMOOTH LCF TESTING AT ROOM TEMPERATURE 

Low-cycle fatigue (LCF) testing of PWA 1490 at 26.7°C (80°F) was performed in servo-hydraulic test 
machines, with strain feedback control. Hydrogen testing was performed in a 1000 psig environment with less 
than 1 ppm oxygen. The tests were run at a strain ratio (R f ) of -1.0 at a cyclic frequency of 10 cpm. 

Results of the requested LCF tests are presented in Table 2-6 and in Figure 2-1. Mean curves were 
established using maximum likelihood techniques. Lower bound curves for this data (99 percent) were estimated 
in accordance to standard statistical methods. 

Figure 2-1 compares the results of the room temperature LCF tests in hydrogen to baseline air data. The 
room temperature 1000 psi hydrogen: resulted in a 2x debit in smooth LCF life. 


Table 2-6. Strain Control Fatigue Testing of PWA 1490 (Microcast Inco 
718) LCF Specimens (FAT 1000), R € = -1.0, Frequency = 10 cpm 


Sample 

Number 

Total Srain 
Range (%) 

Inelastic 
Strain 
Range (%) 

Max Stress 

(ksi) 

Mean 
Stress (ksi) 

Modulus 

(MSI) 

Environment* 

Temp 

C°(°F) 

Cycles to 
Failure 

B3 

0.94 

0.08 

119.0 

-2.9 

29.8 

gh 2 

26.7 (80) 

2,419 

B4 

0.75 

< 0.01 

107.0 

0.0 

29.4 

gh 2 

26.7 (80) 

+3,870 ** 

B5 

0.75 

< 0.01 

109.6 

1.5 

29.3 

gh 2 

26.7 (80) 

5,270 

B7 

0.75 

< 0.01 

104.5 

-2.9 

29.5 

gh 2 

26.7 (80) 

4,205 *** 

B6 

0.56 

< 0.01 

78.7 

-1.4 

28.6 

gh 2 

26.7 (80) 

31,092 

B8 

056 

< 0.01 

80.3 

1.4 

28.6 

gh 2 

26.7 (80) 

43,000 

B7 

0.38 

< 0.01 

56.5 

2.8 

28.9 

gh 2 

26.7 (80) 

+101,400** 


* GH 2 - 1000 psig Hydrogen Environment Containing Les* Than 1 ppm O 2 

** Test Terminated Prior to Specimen Failure, treated as a Censored Data Point in the Regression Analysis 
*** Run Previously at a Lower Strain Range 


mastw 
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2.4.2 SMOOTH LCF TESTING AT 537.8°C (1000°F) 

Low-cycle fatigue (LCF) testing of PWA 1490 at 26.7°C (80°F) was performed in servo-hydraulic test 
machines, with strain feedback control using strain control (K, = 1.00) LCF specimens. Baseline air testing 
was performed in a standard air environment at atmospheric pressure. Hydrogen testing was performed in a 
1000 psig environment with less than 1 ppm oxygen. The tests were run at a strain ratio (R € ) of -1.0 at cyclic 
frequency of 10 to 30 cpm. 

Results of the requested LCF tests are presented in Table 2-7 and in Figure 2-2. Mean curves, for the air 
and hydrogen data, were established using maximum likelihood techniques. Lower bound curves for this data 
(99.9 percent) were estimated in accordance to standard statistical methods. 

Two specimens failed at inclusions in the gage. These specimens are identified in Table 2-7. SEM and 
microprobe analysis were performed on ample number 16 to determine the composition of the inclusion. The 
determination was that the inclusion was alumina. 

Figure 2-2 compares the results of the 537.8°C (1000°F) LCF tests in hydrogen to baseline air data. The 
537.8°C (1000°F), lOOOpsi hydrogen caused no debit in smooth LCF life. 


Table 2-7. Strain Control Fatigue Testing of PWA 1490 (Microcast Inco 718) LCF 
Specimens (FAT 27300, FAT 10000), R € = -1.0, Frequency = 10 to 30 cpm 


Sample 

Number 

Total Srain 
Range (%) 

Inelastic 
Strain 
Range (%) 

Total 
Stress 
Range 
( ksi) ) 

Mean 
Stress (ksi) 

Modulus 

(MSI) 

Environment 

* 

Temp 
C° <°F) 

Cycles to 
Failure 

13 

1.2 

0.39 

189.6 

-2.1 

23.7 

Air 

537,8 (1000) 

1,801 

14 


0.13 

169.2 

-OS 

24.2 

Air 

537.8 (1000) 

4,800 

18 

0.5 

<0.01 

122.0 

-3.0 


Air 

537.8 (1000) 

+268,000 

16 

0.5 

<0.01 

119.1 

2.0 

24.1 

Air 

537.8 (1000) 

23,262 ♦♦ 

22 

1.13 

0.24 

205.4 

-3.5 

24.3 

gh 2 

537.8 (1000) 

1,823 

20 

1.13 

0.20 

209.9 

-3.6 

24.7 

gh 2 

537.8 (1000) 

1,815 

23 

0.75 

0.06 

173.8 

0.0 

24.6 

gh 2 

537.8 (1000) 

9,404 

19 

0.75 

0.04 

177.4 

-1.4 

25.3 

gh 2 

537.8 (1000) 

9,612 

18 ♦*♦♦ 

0.80 


169.2 

-0.5 

_ • _ _ 

gh 2 

537.8 (1000) 

3,908 *♦♦ 

21 

0.47 

<0.01 

116.9 

2.2 

25.3 

gh 2 

537.8 (1000) 

95,594 


•Air - Standard Air Environment, Atmospheric Pressure 
GH 2 - 1000 psig Hydrogen Environment Containing Less Than l ppm O 2 
♦♦Test Terminated Prior to Specimen Failure, Treated as a Failure in the Regression Analysis 
♦♦♦Failure Originated at an Inclusion 

♦♦♦♦Smooth LCF Specimen (FAT 27300, With no Collars) Run in Hydrogen Under Load Control 
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2.5 DOUBLE NOTCH LCF 

2.5.1 DOUBLE NOTCH LCF AT ROOM TEMPERATURE 

Low-cycle fatigue (LCF) testing of PWA 1490 at 26.7 ”C (80 "F) was performed in servo-hydraulic test 
machines, with load feedback control, using double notched (K, = 2.18) LCF specimens. Baseline air tes ng 
was performed in a standard air environment at atmospheric pressure and given in graphical form only. 

The data is presented in Table 2-8 and in Figure 2-3. Specimens were tested at room temperature in 1000 
nsig hydrogen The tests were run to failure at a stress ratio (R <r) of and 0.05 (all tensile stress cycle) at a cycl c 
frequency of 10 cpm. Figure 2-3 shows a comparison between the hydrogen and air data. 

Mean curves were established using maximum likelihood techniques. The 99.9 percent lower bound curves 
for this data were estimated in accordance to standard statistical methods. 


Table 2-8. LCF Testing of PWA 1490 in 1000 psig Hydrogen 
Double Notch LCF Specimen (FAT 15002), Frequency 30 cpm 


SampU 

Number 

Environment * 

Temperature 
C° (°F) 

Total Srain 
Range (%) 

Max 

Stress 

(ksi) 

Cycles to 
Failure 

Crack Origin 

D3 

gh 2 

26.7 (80) 

2.18 

120 

5,109 

Notch Surface 

D 

gh 2 

26.7 (80) 

2.18 

100 

9,539 

Notch Surface 

D2 

gh 2 

26.7 (80) 

2.18 

80 

21,941 

Notch Surface 

F 

gh 2 

26.7 (80) 

2.18 

60 

60,475 

Notch Surface 

FI 

gh 2 

26.7 (80) 

2.18 

50 

83,866 

Notch Surface 


•GH 2 - 1000 psig Hydrogen Environment Containing Less Than 1 ppm O 2 
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2.5.2 DOUBLE NOTCH LCF AT 1000° F 

Low-cycle fatigue testing of PWA 1490 at 537.8°C (1000°F) was performed in servo-hydraulic test machines, 
with load feedback control, using double notched (K, = 2.18) LCF specimens. Baseline air testing was performed 
in a standard air environment at atmospheric pressure. Hydrogen testing was performed in a 1000 psig environment 
with less than 1 ppm oxygen. The tests were run at a stress ratio (R<r) of 0.05 at a cyclic frequency of 10 to 30 cpm. 

Results of the LCF tests are presented in Table 2—9 and in Figure 2—4. Mean curves, for the air and hydrogen 
data, were established using maximum likelihood technique. Lower bound curves for this data (99.9 percent) 
were estimated in accordance to standard statistically methods. 


Table 2-9. LCF Fatigue Testing of PWA 1490 (Microcast INCO 718) Double 
Notch LCF Specimens (FAT 15002), R<r = 0.05, Frequency - 10 to 30 CPM 


Sample 

Number 

Environment* 

Temperature 
C* (°F) 

Stress 

Concentration 

Max 

Stress 

(ksi) 

Cycles to 1/32 
In* Crack 

Cycles to 
Failure 

4 

gh 2 

537.8 (1000) 

2.18 

140.0 

— 

2,602 

3 

gh 2 

537.8 (1000) 

2.18 

100.0 

— 

9,212 

2 

gh 2 

537.8 (1000) 

2.18 

100.0 

— 

10,336 

1 

gh 2 

537.8 (1000) 

2.18 

80.0 

— 

20,973 

5 

gh 2 

537.8 (1000) 

2.18 

60.0 

— 

+ 144,760 ♦♦ 

5 

Air 

537.8 (1000) 

2.18 

140.0 

750 

1,864 

1 

Air 

537.8 (1000) 

2.18 

100.0 

4,000 

8,007 

2 

Air 

537.8 (1000) 

2.18 

100.0 

4,000 

9,101 

3 

Air 

537.8 (1000) 

2.18 

80.0 

25,000 

30,584 

4 

Air 

537.8 (1000) 

2.18 

80.0 

9,000 

22,236 

6 

Air 

537.8 (1000) 

2.18 

60.0 

— 

79,487 


♦Air- Standard Air Environment, Atmospheric Pressure 
GH2 - 1000 psig Hydrogen Environment Containing Less Than 1 ppm O2 
♦♦Test Terminated Prior to Specimen Failure, Treated as a Censored Data Point 
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2.6 SMOOTH HIGH-CYCLE FATIGUE 

Smooth high-cycle fatigue (HCF) specimens (K* = 1) were machined from SSME-ATD fuel inlet housing 
S/N 063.0. Specimens were tested in 1000 psig hydrogen at room temperature and 537. 8°C (1000° F). The test 
were run axially at a stress ratio (Ro-) of -1.0 (fully reversed stress cycle) and a cyclic frequency of 30 Hz to 
failure or runout at 10 7 cycles. Results of the requested HCF tests are presented in Table 2-10, and in Figure 2-5. 

Mean curves were established using maximum likelihood techniques. Lower bound curves (-99.9 percent) 
for this data were estimated in accordance to standard statistical methods. Both the mean and lower bound 
curves were extrapolated out to 10 8 cycles. 

Figures 2-6 and 2-7 compare the resulting data from HCF tests in hydrogen to baseline air data. The 1000 
psi hydrogen caused no significant debit in HCF life at 537. 8°C (1000°F) or at room temperature. 


Table 2-10. HCF Testing of PWA 1490 HCF Specimen ( FML 100721), Rtr = -1.0, FR EQ = Hz 


Sample 

Number 

Environment * 

Temperature 
C°(° F) 

Stress 

Concentration 

Alt Stress (ksi 
Peak) 

Cycles to 
Failure 

Comments 

C06 

gh 2 

26.7 (80) 

1.00 

78.6 

162,615 


C08 

gh 2 

26.7 (80) 

1.00 

78.6 

102,200 

Uploaded from 39 icsi 

C07 

gh 2 

26.7 (80) 

1.00 

58.6 

286,000 


B17 

gh 2 

26.7 (80) 

1.00 

58.6 

202,125 


B16 

gh 2 

26.7 (80) 

1.00 

48.6 

10,000,000 

Did not fail •♦ 

C08 

gh 2 

26.7 (80) 

1.00 

38.6 

10 , 000,000 

Did not fail ♦♦♦ 

B15 

gh 2 

537.8 (1000) 

1.00 

70.0 

59,035 

Uploaded from 40 ksi 

C12 

gh 2 

537.8 (1000) 

1.00 

60.0 

153,095 

Uploaded from 30 ksi 

C09 

gh 2 

537.8 (1000) 

1.00 

60.0 

105,979 


C13 

gh 2 

537.8 (1000) 

1.00 

50.0 

735,500 

Uploaded from 40 ksi 

B14 

gh 2 

537.8 (1000) 

1.00 

50.0 

162,875 


B15 

gh 2 

537.8 (1000) 

1.00 

40.0 

15,550,000 

Did not fail ♦♦♦♦ 

C13 

gh 2 

537.8 (1000) 

1.00 

40.0 

11,160,000 

Did not fail ♦♦♦♦ 

C12 

gh 2 

537.8 (1000) 

1.00 

30.0 

14,730,000 

Did not fail ♦♦♦♦ 


*GH 2 - 1000 psig Hydrogen Environment Containing Less Than 1 ppm O 2 

♦♦Treated as a Failure Point in the Regression 

♦♦♦Not Included in the Regression 

♦♦♦♦Treated as a Censored Data Point in the Regression 







1000°F Air Mean 
1 000°F Air 99.9% Lower Bound 
1000°F GH 2 Mean 
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7 igure 2-7. PWA 1490 HCF Comparison of Hydrogen verses Air at 537.8°C (1000° F): Comparison Between 1000 psig Hydrogen and 
Atmospheric Pressure Air 537.8°C (1000°F) Mean and Lower Bound HCF Curves, Cyclic Frequency = 30 Hz, R<r = -10, K, = 1.00 

Conclusion: No Significant Debit by 1000 psig Hydrogen at Room Temperature 
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2.7 CRACK PROPAGATION 

Two crack growth (da/dn) tests were performed on PWA 1490 material in 1000 psi Hydrogen at room 
temperature. The analysis and reduction of the crack growth test data was not complete at the time this report 
was published. This data will be made available at a later date. 

2.8 FRACTURE TOUGHNESS 

One compact specimen fracture toughness test was performed on PWA 1490 material from a SSME-ATD 
fuel pump inlet housing. This specimen was tested in 1000 psi Hydrogen at room temperature. Plane strain 
conditions were not met due to the thickness of the specimen. The high toughness of PWA 1490 requires a 
thickness greater than the standard compact fracture toughness specimen. In place of stress intensity factor (K [C ) 
a strength ratio of 1.295 was calculated. The strength ratio is the total stress (P/A = MC/I) at maximum load 
divided by the yield strength. 
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SECTION 3.0 
SUMMARY 

• 'Fine grain Inconel 718 (PWA 1490), exhibited outstanding mechanical properties at room temperature and 
537. 8°C (1000°F) in hydrogen up to a pressure of 1000 psig. PWA 1490 had no significant degradation in tensile, 
high-cycle fatigue, or fracture toughness properties when exposed to 1000 psig hydrogen. Smooth and notch 
low-cycle fatigue at 537.8°C (1000°F) and 1000 psi hydrogen exhibited no hydrogen embrittlement degradation, 
but did show a debit at room temperature and 1000 psig hydrogen. However, this debit does not preclude the 
use of PWA 1490. The debited PWA 1490 has a 1000 cycle life at the 99.9 percent lower bound for a 0.7 
percent strain range or 100 ksi stress. This level of LCF capability would be sufficient for a turbine housing 
application at the relatively low-pressure of 1000 psig. 
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Abstract: 


A pressurized water flow rig was designed and built to test scaled test samples of the STME 
thrust balance comer seals. The purpose of the comer seal test program shifted from its ongmal intent. It 
was planned to test various features of the seal at several radial and axial positions, that were believed t 
improve its restrictiveness. These results were used to anchor an analytical comer seal flow and pressure 
drop model. The focus was expanded to include optimizing the design of comer seals and characterizing 
their performance for use in the analytical comer seal prediction model. _. 

The optimization method chosen was the Taguchi test method and evaluation of results. The 
large number of design parameters used in comer seals necessitated two Taguchi test matrices. The first 
was a scope reduction to determine which parameters had the most effect on comer seal restnctiveness. 
The second Taguchi test matrix optimized the resulting parameters of the scope reduction tests. Finally 
the optimized sample was characterized and the analytical model anchored. The optimized sample was 
not characterized as extensively as had been hoped due to the suspension of the NLS/STME program 

Results of the optimized sample gave a seal design almost twice as restrictive as the analytical 
predictions prior to this test program. An additional benefit was realized for the optimized simple. It 
displayed an increasing seal restrictiveness with increasing axial overlap. This effect was not believed to 
occur prior to this test program 


I. Description of Comer seals in rocket turbomachinery 


During the explosion to full power and cut-off at shutdown, rocket turbomachinery experience 
extremely large variations in fluid pressure in the cavities enclosing the rotating components. In order to 
keep the shaft movement, due to these pressure variations, within the limits of the turbopump design, a 
shaft axial load balancing system is added to the turbopump design. The easiest and most efficient 
system developed, uses a shrouded pump impeller's front and back face as the mechanism to control shaft 
movement This "thrust balance system" is designed to accommodate any unforeseen unbalances during 


off-design, transient start-up or shut-down operation, . 

The key component that makes the "thrust balance system" function is a set of comer seals, 
located at the outer and inner diameter of the pump impeller's back-face (see Figure 1-1). These sea is 
change their restrictiveness and flow area as the shaft moves. By changing their flow restriction, the 
seals allow lower or higher pressure to develop in the on the pump impeller’s back face. This results in a 
restoring force that counter act the shaft travel. A comer seal design has several goals to achieve. These 
goals are to maximize load capability of the thrust balance system by maximizing comer seal 
"restrictiveness" during tight gap operation (see Figure 1-1), and minimizing comer seal "resdictiveness 
during open gap operation. Another goal is to minimize thrust balance system flow since it is leakage 
from pump discharge and detrimental to pump efficiency and suction performance. A final goal of any 
comer seal design is to have its operation characterized so the thrust balance system can be confiden y 
analyzed during all phases of operation, (see Fig. 1-2 for summary) 


fl. Comer seals in the NLS/STME liquid oxygen turbopump 

Balancing design, off-design, and transient loads during STME LOX turbopump operation 
requires a double comer seal at the outer and inner diameters of the shrouded pump impeller. The large 
size of the impeller necessitates large radial clearances on the OD owner seal, resulting in large amounts 
of flow leaking from the mainstream pump flow and a complex system in the impeller and housing to 
route the flow back to impeller inlet (see Fig. H-l). This type of "thrust balance system" with large 
leakage flow affects pump performance, housing structural reliability, cost, and manufacturing ease of 
the turbopump. Enhancements to the "thrust balance system" operation could be made if the comer seal 
were used to dr am atically reduce the leakage flow while maintaining "thrust balance system capability. 
When this project was conceived there was not a large volume of empirical information about the 
operation and behavior of comer seals. Also at this time, no calibrated analytical model existed for 
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"thrust balance system" comer seals. Therefore, a test program was proposed for the STME LOX 
turbopump comer seals that would develop an understanding of their operation and provide data to 
calibrate the analytical comer seal model. 


III. Comer seal rig test program proposal 

A new type of comer seal design incorporating grooves was investigated in early 1991 using 
extrapolated CFD predictions of an enhanced labyrinth seal from a Texas A&M study. In that study, the 
geometry and flow field employed to model the labyrinth seal, closely matches those of a comer seal. 
Since the enhanced labyrinth seal showed substantial enhancement of performance, it was decided to 
apply these results to the STME LOX pump comer seals with the hope of increasing thrust balance 

system capability and reducing overall leakage. . t J . . 

To evaluate the improvements an enhanced comer seal (see Fig. ni-1) might deliver to the thrust 
balance system, the uncalibrated comer seal leakage model of the STME LOX pump flow balance model 
was modified by increasing the "restrictiveness" of the standard comer seal by 70%. This level was 
derived from the CFD predictions for the enhanced labyrinth seal. The updated model showed an 
increase in positive (toward the turbine) loading due to reduced pressure along the impeller's back-face 
and lower flowrate. To return to the design thrust load, the ID comer seal (ref. Fig. H-l) clearance was 
reduced, thereby increasing the pressure along the impeller's back-face with even lower leakage ow. 
See Figures III-2 & -3 for leakage predictions and resulting increase in thrust balance capability. 

The e nhan ced comer seal study showed the following advantages for the STME LOX turbopump 
design: 1.) increased thrust piston capability, 2.) decreased thrust balance system flow, 3.) increased 
pump efficiency (lower H.P. requirement), 4.) improved suction performance, 5) decreased complexity 
and cost of housing design, by eliminating recirculation tubes, as well as 6.) increased structural integrity 
of the impeller resulting from reduced number of recirculation holes through base. 

These promising results for the turbopump design were ample encouragement to examine what 
would be required to create and calibrate an analytical tool for comer seal predictions which couldthen 
be used in the ID flow network of secondary flows as well as the main pump design flow balance model. 

The original proposed test matrix to develop an analytical tool was: 


Grooved comer seal design (similar to enhanced labyrinth seal): 

3 groove design (different - L/D) 

3 axial positions - centered, +0.015", -0.015" 

3 flowrates 

2 clearance levels 

54 total tests 6 configurations 

Ungrooved comer seal design (similar to standard seal): 

1 ungrooved design 

3 axial positions - centered, +0.015", -0.015 
3 flowrates 

2 clearance levels 

18 total tests 2 configurations 

The most cost effective method of achieving the proposed Test Matrix was a simplified non- 
rotating water flow rig tested at Pratt & Whitney's Aerothennal Design Lab. Section IV describes the 
resulting water flow rig, its features, and the Design Lab's capabilities. 


IV. • Comer seal rig and facility features 

To begin water flow testing a rig had to be designed to hold the grooved and ungrooved test 
samples. It would need to have flow visualization capabilities as well as easy access to the test samples. 
Part of the proposed test matrix was to vary the "rotor's" axial position, requiring it to be moved relative 
to the static piece. The feasibility of incorporating the tangential velocity component, found in the actual 


2 



comer seal, was investigated. Unfortunately, the angle at which the test sample would have to be set in 
order to simulate the tangential velocity of flow in the seal required a test section that exceeded the water 
table's dimensions (ref. Fig IV-4). The compromise was thus made to examine the through flow 
component only. This was believed to be a valid approximation since the flow must travel axially 
through the seal regardless of velocity vector. The through flow component was also consistent with the 
current analytical modelling technique. The shape and operation of the comer seal is believed to be a 
function of total through flow and therefore the overall seal "restrictiveness" should not be strongly 
affected by velocity vector. This effect remains to be quantified through seal characterization in the 

pump wa ^ e fl ^ ul I J. g ng comef 5 ^ rig is a g- X 8 " X 30" channel (see Figure IV-2). This allowed a large 
enough test sample to be installed such that pressures measured at the center of the sample would not be 
subject to end-wall effects. The size of the channel resulted in slow, uniform flow supplied to the test 
sample. The inlet chamber is approximately 6.5 " long. Included in this chamber is an inlet pipe 
diffuser to eliminate the inlet flow impinging on the back wall. The flow from this chamber then passes 
through a flow straightener and a screen onto the supply channel. THe static pressure drop associated 
with this configuration, measured from the inlet, to a location upstream of the test sample, was 0.2 - 0.4 

P Figure IV- 1 displays some of the features of the test rig. Instrumentation for the test sample and 
rig are shown in Figure IV-3. Figure IV-5 shows a calibration curve for the flow meter on the test stand 
which gives an idea of the capability of the facility. 

V. Taguchi optimization test program for an improved comer seal design 

After examining the number of design parameters involved with comer seal geometry, the goal 
of the comer seal program shifted from evaluating a few cases with features believed to improve sealing 
performance (described in Section III), to that of optimizing the existing comer seal design. The large 
number of dimensions necessitated using Taguchi optimization techniques to produce an optimized 
design. The pressure drop and flow data from the Taguchi Test matrix would be used to calibrate an 
analytical comer seal model. Additionally, it would provide insight into the general operation of comer 

seals in an incompressible medium. 

The large number of dimensions needed to define a comer seal required two sets of Taguchi test 
matrices. The first matrix would examine all dimensions in an effort to reduce the number of parameters 
that would be examined for optimization. The resulting test matrix was an L12 Taguchi test matrix, with 
11 parameters of investigation in 12 tests as shown in Figure V-l. Note dimension F and V were fixed 
with each other. The axial position (K&L) was held constant for all tests, as well as the radial position 
(I&J). There was some variation in radial position from test to test due to Plexiglass tolerances on the 
scaled test samples (3.75 times turbopump dimensions). 

VI. Taguchi scope reduction test results 

The ranked response of the scope reduction test matrix is shown in Figure V-2. The response 
variable in the test matrix was delta pressure. It was measured by static wall taps upstream and 
downstream of each test sample. Data was taken at several flow rates, although the response ranking was 
examined only at 50 Gal/min. This represented the highest possible flow that existed on all test samples 
except for trial or test number 5. It is believed that this sample was inadvertently tested at a much 
smaller radial clearance, therefore the maximum attainable flowrate was only 28 gal/min. For this one 
case the flow data for response ranking was extrapolated from 28 to 50 gal. / min. The results of Figure 
V-2 show that parameters G and U have the largest influence on pressure drop across a comer seal. 

Delta pressure was used as the response variable because it represented a direct measure of a 
comer seal's restrictiveness due only to seal geometry changes for a given flow and area. Figure 1-1 
describes how in order to obtain the greatest thrust balance capability, the largest delta pressure possible 
is desired across a tight gap comer seal. 

The resulting test sample geometries and ranking by delta pressure are shown in Figures V-3 cl 
4. The overall seal K-loss is also shown for each sample. An independent statistical analysis of the 
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scope reduction test results was performed by Pratt & Whitney's statistical analysis group ^nfmningthe 
rank of the scope reduction test results. The four primary influence parameters are B, G, U, V, listed m 


Results from the scope reduction tests were evaluated by twp methods. The standard method of 
analyzing Taguchi tests, shown in Figure V-2, is to rank the parameters (comer seal dimensions, le B, L 
etc ) in order of influence. The magnitude of influence is found by calculating, for each parameter, the 
average of its first level's response (delta P) and subtracting the average of its second levels response. 
The dimensions corresponding to the first (1) and second level (0) are shown above each pa^eter T^e 
parameters with the largest difference between first and second level average response are those with the 
highest influence. The ranking of parameters highest to lowest is shown on the bottom line of Rgure V- 
2 From this analysis method, we chose parameters G and U in order to optimize the comer seal design. 

The second method used to evaluate the scope reduction results was to rank the test cases in 
order of response, as shown in Figures 3 & 4. Inspecting the test sample cross-seoions it was found tirnt 
samples with tall step heights (dimensions F & V) and narrow land widths (B & E), with K = J; = 0 
the highest response (delta P). Therefore, B and E were fixed to the same dimension and would be used 
in the comer seal design optimization. The same was done for F & V. 


VII. Taguchi Optimization test matrix 

The results of the scope reduction Taguchi test matrix found four parameters B, G, U, and V as 
the primary dimensions that influenced the overall comer seal loss factor. The Taguchi optimization test 
matrix for these parameters and their interactions was created using the best tested level of each 
parameter (B,G,U,V) from the scope reduction tests, plus and minus 25% of that level. The resulting test 
matrix is shown in Figure VII-1. 

Axial positions K & L would be varied together for each optimization test at the line-on-line and 
maximum open positions allowed by the turbopump bearings. This variation would quantify the K-loss 
of each configuration at the comer seal axial positions which determine the thrust balance systems 
capability. Refer to Figure 1-2 for a reminder of the goals of comer seal design. Figure VII-2 shows a 
dimensioned cross section of the eight samples in the Taguchi optimization test matrix for the line-on- 
line axial position. 


VIII. Taguchi Optimization matrix results 

The overall goal for the optimization of a comer seal's design is to maximize the seal s 
restrictiveness in the tight gap or overlapped axial position and minimize its restrictiveness in the open 
axial position. For this reason the response variable used to evaluate the optimization test results was K- 
loss. Figure vm-1 shows the ranked response of the Taguchi optimization matrix at the line-on-une 
position at 55 Gal/min. The top four are the GV interaction, dimension V, or step height, the GB 
interaction, and U, the inlet step dimension. In the axially open position ranking was predominantly 
based on exit geometry, where the top four parameters of influence are B seal pitch, GB interacuon once 
again, GV interaction again, and G the exit expansion height Dimension G has a weak influence 
compared to the first three. The ranking by pressure drop is shown for comparison at line-on-lme. Figure 
vm-3, and open axial position. Figure VIII-4. The ranking is slightly different than by K-loss, with G, 
U, GV, and V as the most influential factors for the line-on line case. The most influential factors for the 
axially open case were V, G, U, and GU. 

Reviewing the previous paragraph one can visualize what factors are influencing the 
restrictiveness of a comer seal by observing the number of times a parameter is mentioned. The 
factors=time mentioned are, G=3, V=3, GV=3, U-3, GB=2, B=l, GU=1 and are listed in order of 

ranking. ...... 

Figure Vm-5 continues the data reduction of the optimization matrix by displaying me 

difference in K-loss for all samples at their respective axially open tested positions. The largest delta K 
regardless of tested axial position is the most desirable sample. Note that Sample 1 is a 2X scale of 
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Sample 8's dimensions (reference Fig. VH-2). Figure VHI-5 shows that Sample 4 has the largest delta K, 

even thought it was tested with the smallest axial gap. . 

Figure Vm-6 demonstrates the slope and trend of the different samples when tes 
axially open and line-on-line positions. Although Sample 4 has the highest slope, it does not have the 
highest K-loss level. Since Samples 8 and 1 are scaled to each other, and have similar K-loss and slope 
of K-loss, Sample 1 was chosen as the champion of the Taguchi optimization matrix. 

IX. Op tim ized comer seal design and its characterization 

The scope reduction test results, the optimization test results, the ranking of parameters of 
influence, as well as Figures VHI-5 & 6 were all used to determine the dimension of wch p^ameter t^ 
would create the optimized comer seal geometry. The ranking of parameters from Section vm 
recommended G at its highest level, V at its highest level, and finally U at its lowest level Referring 
Figure Vfl-2, sample 4 with a small value for U, yielded the largest delta K from line-on-line to axially 
open. Parameter B is recommended at its highest level because of the large response of ^P 1 ® 1 
IX-1 shows a cross section of the optimized comer seal geometry. The optimized sample is t he s ame 
sample 1 with the exception of the entrance height U set at the minimum level of 0.281 instead of 

sample l's dimension of 0.469". , . 

While sample 1 was being modified into the optimized geometry of Figure IX-1, news of the 

NLS program suspension was received. For this reason only limited characterization o e optimize 
sample could be completed. Figure IX-2 shows 5 rest points of the optimized sample from open 0.028 
(turbopump scale) to 0.029" overlapped, at the same clearance level used in the ^optimizauon maunx 
(011"inrig) The optimized sample has slightly higher (3-4%) K-losses at line-on-line an axi y pe 
than did sample 1 of the optimization matrix. For comparison. Figure DC-2 has the original pre-test 
analytical estimate of K-loss through the baseline comer seal (sample 1 scope reduction matrix. Figure 
VI-2), along with the optimized sample characterization. 


X. Conclusions, Recommendations and comments 

We regret being unable to fully characterize the optimized sample as originally planned. We 
had envisioned testing this sample at two additional radial clearances for a total of three, all at the same 
axial positions as shown in Figure DC-2. In addition, it had been planned to test the optimized sample r 
a tilted position to simulate impeller deflections that might occur in the turbopump s impeller. Impeller 
deflections could result in the comer seal having different flow areas through the first and second 
constrictions. This test would have been performed by applying a taper on the step from the first to the 
second constriction. Tilting the whole sample would produce results identical to a test at a more open 

4X131 pOS ^ main results of this program was the identification of the key design parameters that 
influence a comer seal' s restrictiveness. Although the final goal of fully characterizing an optimized 
comer seal geometry was not achieved, a great deal of information was learned through the Taguchi 
scope reduction and optimization test program. From this information a comprehensive analytical model 
was developed for use in future design and analysis of comer and variable restriction seals. 
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Figure 1-1 Thrust Balance System Operation 
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Figure 1-2 Summary of Corner Seal Functional Goals 
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Figure 11-1 STME LOX Pump Thrust Balance System Prior 
to Corner Seal Investigation 
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Figure 111-1 Proposed Grooved Corner Seal Design 
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STEP LOX TURBOPUMP - MEG 01 3091 -002 A 

PUMP-END LOAD VS AXIAL TEA VEL 
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Figure IV-2 STME Corner Seal Rig Dimensions 





STME Corner Seal Rig Instrumentation 
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Figure IV-6 Picture of rig flowing on water table 








Figure 1V-7 Side view picture of rig and test sample 
























































































Figure VI-2 Taguchi Scope Reduction Test Sample Results Ordered by Delta P 
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Figure V!-3 Taguchi Scope Reduction Test Sample Results Ordered by Delta P 
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Figure VIM Taguchi Optimization Test Matrix 
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Figure VIII-1 Optimization Matrix Ranking by K-Loss Line-On-Line 
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Figure VIII-2 Optimization Matrix Ranking by K-Loss Axially Open 
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Figure VIII-3 Optimization Ranking by AP Line-On-Line 
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Figure VIII-4 Optimization Ranking by AP Axially Open 




O T AG UC HI OPTIMIZATION No Fit 



Change In K-Loss of Samples 







TAGUCHI OPTIMIZATION No Fit 
SET 2 No Fit 

K LOSS L/L 
K LOSS OPEN 



Figure VIII-6 Optimization Results K-Loss Change with Axial Position 
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Figure IX-2 Characterization of Optimized Sample 







Appendix A Calculations 


water density ( p ) = 62.15 lbm/ft^ 

mass flow (m) = Gal/mm * 0.13368 ft 2 /gal * 1 min/60 sec * 62.15 lbm/ft^ 

(Ibm/sec) 

Area (A) = 8" * clearance gap * 144 (feet 2 ) line-on-line & overlap cases 

Area (A) = 8" * SQRT (clearance gap 2 + axial open 2 ) * 144 (feet 2 ) 
axially open case 

gravitational constant (gc) = 32.175 lbm-ft / lbf-sec 2 

K sys = (AP U p.down * 144. * 2. * g c * p * A 2 ) / m (dimensionless) 
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performed during Phase I of this program. 



Trade studies of various subcomponent configurations were initiated. 
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• Order for Cast Haynes 230 test bars was placed with Howmet-Hampton Div. in an effort to fully 
characterize this material 

• PWA Space Shuttle Main Engine — Alternate Turbopump Development (SSME-ATD) Main Fuel Pump 
Housing tooling will be utilized for a casting demonstration of Haynes 230. This configuration is similar to 



the housing geometry planned for the turbine inlet 

• Cast impeller demonstration programs were initiated with both Howmet and Precision Castparts 
Corporation (PCC) corporations. Fine grain Inco 718 is the material planned for this demonstration 
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• Initiated request for fabrication demonstration of cast-to-size turbine blades 

• Received quote for INCO 718 powdered metallurgy test specimens. Reviewed supplier facility, set up 
demonstration test matrix 



• Finalized Haynes 230 housing demonstration and INCO 718 impeller demonstration scheduled with 
supplier 

• Material orders placed for diffusion bonding demonstration 
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Heat treatment evaluation of Haynes 230 conducted by P&W materials lab to confirm heat treat 
cycle selected. 

Stereolithography impeller plastics are being generated from a P &W SSME-ATD impeller model. 
The plastics will be used to form molds for an INCO 718 casting demonstration. 



Two molds have been completed for an INCO 718 impeller conventional casting demonstration. 
An additional INCO 718 impeller casting program has been initiated for purposes of spin testing at 
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impeller casting demonstration. 

Forging to be used for bi-cast impeller simulation demonstration was forwarded to Precision 
Castparts Corporation. 
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problem. 

Howmet impeller casting No. 1 was sectioned to evaluate material properties in the hub area. 
Results will be available in late January. 
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and blade tolerance evaluated for performance and cost. Trades also include a separate thrust piston verses 
using the impeller backface for thrust balance. Alternatives being considered for the interpropellant seal are 
step seals, straight labyrinth seals, carbon seals, and brush seals. 

• Fabrication processes: 



Pratt & Whitney is investigating several impeller fabrication techniques. One of these techniques 
involves the use of powder metallurgy. Test specimens of compacted INCO 718 powder are being 
provided by a supplier. Pratt & Whitney is assisting the supplier by degassing the powder. 
Screening of major processing parameters will be completed in February. Specimens will be 
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The ceramic shells for casting of Haynes 230 housing numbers 3 and 4 have been completed, 
casting is scheduled for February. 

Machined Haynes 230 test bars are in-house for material property testing. Tensile and low-cycle 
fatigue testing in air and hydrogen started the last week of January. 



Polymer samples, a lightweight material under consideration, are being machined for LOX 
compatibility and tensile testing. 
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Data is being compiled for design trade studies. Components being traded include turbine oiaaes, 
impeller, bearings, shaft/disk, thrust piston, and interpropellant seal packages. Preparing to review 
configuration selection comparison sheets with NASA by telephone conference. 

Responded to questions from the Astronautics laboratory’s design review of Pratt & Whitney’s 
(P&W) design update presentation to NASA last December. 
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Rapid Omnidirectional Compaction (ROC) Powder Metallurgy INCO 718 specimens are being 
evaluated for optimum parameter selection. Test specimens of selected compaction temperature 
and degas conditions are currently undergoing metallurgical characterization. 

Initial results indicate high compaction density with some desirable microstructure characteristics. 
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Initial INCO 718/INCO 718 diffusion bond trails have been completed, and are being 
metallurgically evaluated. Additional samples will be fabricated using a Ni-foil interface to 
determine the foil’s influence on diffusion. 



A third Haynes 230 housing casting has been completed with altered pour temperature. Preliminary 
visual indications show no flaws. 
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Vane profiles and a flowpath contour for the impeller have been completed. The airfoil definition has been 
incorporated into a three dimensional impeller model, and the CAD file will be forwarded to the casting 
supplier for fabrication of a full-scale impeller casting. 
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housings on the oxygen pump, and has been screened by Pratt & Whitney tor use in nyarogen environme 
Haynes 230 

The Haynes 230 turbine housing evaluation is continuing. The third housing is currently undergoing hot 
isostatic pressing (HIP)/ heat treatment processing prior to nondestructive testing evaluation. In addition. 



wax pattern generation for Trial No. 4 has been initiated. A decision will be made regarding the need for 
additional trials following Trial No. 4 . 

— One Piece Shaft/Disk 
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presentation was conducted at Marshall Space Flight Center. The selected cross-section for preliminary 
design was discussed along with supporting technical data for rotordynamics, hydrodynamics, aerodynamics, 
and internal flow. Hardware fabrication tasks were also reviewed. The presentation was a milestone 
requirement that concludes the trade studies. Responses are currently being generated for the action items 
and comments from the presentation. Where applicable, comments and action items are being considered for 
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Metallurgical evaluation of the heat treated ROC samples has been completed. A fine-grain wrought 
microstructure has been achieved, and optimal processing parameters have been selected. Preliminary 
mechanical property data will be collected from smooth tensile specimens currently being machined. 
Geometry studies using the parameters selected will begin in May. 
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— Torlon 

A grade of the poly-amide-imide, Torlon, has passed the LOX compatibility impact test. Initial test results 
indicated 0 failures in 20 attempts. The test will be repeated to verify these results. If successful, mechanical 
property testing will follow. 
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Test Impeller 

A two-dimensional (2-D) nodal structural analysis (NASTRAN) model of the test impeller has been 
completed, and a three-dimensional (3-D) model has been initiated. Impeller CAD files defining the blade 



and flowpath profiles were delivered to the casting vendor. Vendor recommendations to improve the 
castings were incorporated into the preliminary impeller/casting sketch. 
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Reliability, Maintainability, and Safety 

Maintainability design criteria/considerations were updated to reflect the selected configuration. The 
design criteria encompasses assembly/disassembly, inspection, engine interface, and health monitoring 
system. Reliability is revising the FMEA and developing a critical parts list. 



Fabrication Processes 
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Mechanical Property testing will follow. 

An additional demonstration of the one piece shaft/disk using A 286 material is being pursued. A 286 is a 
material candidate for the shaft/disk configuration, and the fabrication demonstration/analysis will 
provide material property data required to substantiate this design. 



c/3 

00 

a 

w 

C/3 

CO 

u 


2 

u 


GO 


& g> 

G " CN 

.a 

1 g 8 

ed .2 jjj» 

-21 
C 3 w 

P ftlfl C/3 

OG ?n g 

<u 72 <-> 
o 5 - 

X § ^ 
4) ° a 
c oo c3 
§ c c 

C/3 2 -S 

• ^ 3 ’’ * 


3 51 
S 3 <c 


CO 

£ 

a> 

2 


2 

o 

2 


<u c 
£.2 
«> O S 
2 88 2, N 

2 e ®P’C 

2 e J3 o 

? o a« 

51 ii 
^ I B-S 

•C o 2 ^2 

g £-S fe 

£ "o .o § 

ca <^2 e 
S c «* — 
^ -a <u 2 

v cfl £ 5 
oa cd t 3 O 

|< ® is 

cO . 

X c ^ 03 
* O.- 

« CO 2 — 
y.o tj’o 

C4— *3 Cd 52 

o Cu o C 

2 S* 2 2 

3 oo^ •§ 

e-s 2 « 

« 3 3 f" 
c/3 o *G G 

^ «•« t 
s.s s-0 

.S2-o2 

g P 2 * 

- c — 3 (jj 


C/3 


• = E- 

2_g 5 « 

0,3 aft 


oo 

c 


£ 

*2 

‘C 

2 

Cd 

2 


C 

_o 

Er 


cO 

*C 

<U 

CO CO 
C/3 P 

CO X 
*5 cO 

c I 

.5 "3 
to ’■5 
U no 


<D 


cO 


sa 


G 

*G 

O 

H 


C/3 
C/3 
0 ) 
a 
o 
3 

C/3 

^ c 
o <u 

<y <u 

I « 

cxx: 
00 
c 
*•»— » 
C/3 

<u 


E 

o 

o 

g 

M 

c/3 

CO 


C/3 


00 *3 

.£ 2 

« 2 

« — 

^ -S 

j?.8 

•G & 
w ^ 

cL ^ 

2 o-_ 
o £ ^ 
U 2 

X 03 

9 o 

.ill 

«-* .CO * 


<u 

g 

C/3 

U* 

3 

CU 


co 


_ G 

,s®-§ 

■sSa 

g £ -c 

8.2 
D t/D O 

“32 

2 o 2 

H c/a <J 


© 

PS 

C\ 


X 

o 

J 

<L> 

■S 


C/3 

<D 


T3 

<U 

o 

X) 

<u 

5 


c 
00 

• ^3 L» . 

c/3 o 

<u o 
*>, « 


c 0 

TD 

a 

co 

w* 

w 

C/3 

w- C 

<u o 

I s 

O o 

z: -o 

1J5 

II 

D 

C 00 


CO 3 
Si C « 


£ ■= 

g ^ 
.= . 

^ 

D X3 
& *^r 

o«© 

C0 

X 

c/a 
<U 

a 

D 


03 

I 

G 

O 


2 

G 


G 

00 

u 

O 


<D , 

S-* 


C/3 


CO 


<u 

•s 


5 


r« co 

2?x 

zn 


G 
O 
>> 
cO 

3“^ CO 
00^ 
G A) 
* r~! 3 -^ 

s e 


G 

E 

'O 

a> 

8 . 

C/3 

.2 (N 


D 

O 

<u 


a> 

G 

O 


*c 

o 

2 « 
P-I CO 

8 2 
B.S g 
« . * a 


8 

flJ 

00 


o 

w 

T3 

<U 

G 

a 

*w 

G 

O 

a 

c/a 

<D 


G 
*G 

G 
O 

w 

a 
q 

C/3 

C/3 
C/3 

2 

a 

_ -w 
4-> C/3 

II 


C/3 

<u 

T3 

• P3 
> 
O 


o 

£ 

H 

c 

o 

w 

2 

G 

00 

G 

G 

O 

o 

T3 

D 


G 

00 

’5 

<o 

T3 

<D 

2 

(O 

3— > 

G 


C/3 

X 

G 

C/3 


£ 

§> 
• ^ 

C/3 

_ 1) 

»TD 

> « 

5 

< 5 

G 

00 

<u 

Q 


cS 

.2P« 

C/3 

<U G 
TD w« 

«9 ^ O 
•G 5T *-* 
X o ^ 
H w O 

P 55 T3 

c g c 

a O ° J) 

g e > 

S. |1 .s 

Itll 




G 

H 


o 

o Cu 


G 


t 


C/3 

E- 


Stmctures has run the 2D NASTRAN model of the test impeller and is finalizing the 3D model. 
Assembly tooling has generated a preliminary arbor tooling design and is coordinating with mechanical 
design to define the interface fits and balance features. The arbor tooling is being designed to be reusable 
and capable of spin testing in a cryogenic atmosphere. 



Blades and Vanes 

Design has provided the casting vendor a sketch of the blade root configuration for the cast-to-size blade 
fabrication task. Vibration analysis was initiated for the turbine blades and vanes. 
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reduce weight from each component. PWA 658 is being considered as an inducer material to reduce 
weight that improves pump end critical speed. Pratt & Whitney (P&W) will screen material specimens 
for LOX compatibility with a mechanical impact test at ambient pressure. 

Reliability, Maintainability, and Safety 



Reliability had developed a critical parts list for the .ADP LOX Turbopump component that identifies 
failure modes and the probable cause. 

• Fabrication Processes 
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Structural Castings 

The casting demonstration of a Haynes 242 structural housing is being initiated with Howmet to 
determine the castibility of this alloy in a complex part. This demonstration will use existing tooling for 
low cost. The program will also provide Haynes 242 cast plates for additional material characterization. 
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• Design Activities 

In July, preliminary design layouts were generated for the major turbopump components and subassemblies. 
Instrumentation bosses and health monitoring ports, were incorporated in the design layouts. Hardware 
purchasing quotes for the .ADP Liquid Oxidizer (LOX) Turbopump Program Phase 1 1 will be estimated by 
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incorporated in the design layouts. 

At the downselect presentation, NASA requested P&W to consider amount of helium consumption as a 
major item when trading the Interpropellant .Seal (IPS) package. The IPS packages were re-evaluated by 
considering the vehicle helium system cost impacts, helium propellant costs, and the turbopump hardware 
cost. Life-cycle cost analysis indicated that the carbon ring seals have a cost advantage over the stepped 



labyrinth seals. The cost advantage is attributed to the vehicle helium system cost benefit. 

• Fabrication Processes 

— Impeller Technology 
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hardware. 

The forging of the A286 one piece shaft/disk is scheduled for completion by the end of Phase I. 
— Structural Castings 
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Material Testing 
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analysis for the major turbopump components. 



Test Impeller 

The test impeller Layout is nearing completion. Impeller blade definition was revised to reflect the 
current hydrodynamic definition for the ADP L02 turbopump configuration and is being incorporated into 
the 3D NASTRAN model for the test impeller. Computer files which describe the current hydrodynamic 
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[Inducer and impeller 3D NASTRAN models are being refined while pressure loads across tne oiaaes are 
being generated for input to the structural model. This months design effort has concentrated on 
incorporating producibility improvement features on the layouts and calculating impeller seal clearances 

along the secondary flow paths. 

Review of the inducer and impeller layouts by the supplier improved the component castability, including 
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(PCC) Fabrication dies that will be used for the investment casting of three full-scale Inconel 718 test 
impellers are being fabricated. New files containing the updated configuration points have been 
implemented into the die machining process. Casting of the prototype impellers are expected in 
November.* Three full-scale Inconel 718 test impellers will be fabricated and one will undergo spin testing 

to verify structural integrity. 
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These are the last two trials remaining in the program. 

Trials 9 and 10 are utilizing added cast stock for the purpose of machining specimens in the perpendicular 
direction to those from the previous trials. Material specimen machining is being completed on the bi-cast 
Inconel 718 from trials 7 and 8. 
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During this report period, design activities consisted of: (1) documenting the Advanced Development 
Program (ADP) Liquid Oxygen (LOX) Turbopump Phase I design activities for the Packages, Requirements, 
and Design Review Report (DR-27), and (2) finalizing the preliminary design layouts for the drawings list, 
Form 1, Specifications and Microfilm (DR-29). The Hazard Analysis Report (DR- 1 2) was delivered to the 
National Aeronautics and Space Administration (NASA) in September 1990. 
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— Impeller Technology 

Tooling that will be used for the investment casting of three full-scale Inconel 718 prototype test 
impellers has been fabricated. The fabrication tooling should be delivered to the Pratt & Whitney (P&W) 
casting supplier in early October. Casting of the prototype impellers is expected in November. Three full- 
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age hardening cycle. The plates will provide preliminary data regarding the castability ot Haynes Z4Z ar 
whether it is technically feasible to use this material in the ADP L0X Pump turbine. 

Following the investigation of the cast plates, Howmet will demonstrate the casting of this material in a 
housing configuration. This demonstration will use existing tooling. 



Bi-casting 

The final two bi-cast trials (9 and 10) have been completed. These trials used added cast stock for the 
purpose of machining specimens in the perpendicular direction to those from the previous trials. Material 
specimen machining is completed on the bi-cast 718 from trials 7 and 8, and tensile testing is being 


X <u 

fs a 


<D w 
£ % 
<U £ 

c 

X <D 

£ m 


^ O 

o * 

w go 
X § 
<u P 

N £ 
^ 

Cd CO 

.5 8. 

J5 1 

2 o 

2 2 
cd X 

O co 


cd — 
n cd 

.5 a 

«,S| 

X <D 

^ O w 

,S ^ o 

§ « 

3 ^ p 

** *2 § 

<l> d o 

.H 23 X 

cfl O ' 0 

A -2 x 

?•§ 2 
w X 1) 

S3 $ 3 

o g co 

§ 

U 3 U 

•g|S> 

.s r S 

2 3 S3 

- " a 

<u c c 
So .o o 
S "35 ^ 
dp •« o 

O CU-S2 

<u o g 

5« *■* O 

3 >> ** 

ar Cl 
O •— ST 

oa ° 

•S cu-2 . 
Mo s s 
•§ s -S s 

3 •S *2 o 

u 2^ ® 

<D 3 O S 

■g *6 o » 

ra a) ^ d 

<u £ 2 3 

3 to 3 *3 ^ 

• i-* co ^ ^3 /-s 

| § g 

E- H..S2 c .S 

0 o x S3 U 

.a « H oo g 

co .£ c .S -a 

1 w H 3 33 

o « |.S 3 

V > £ x o 

w O Mo X 

Sg C O rtC 

U SS.E'S 


•s°- 

u 3 

O <U 

£ s 

2 R* 

c D 
& > 
o M 
0m Q 


W 60 

g, c 

GO *X 

3 2 
<u o 
3 Cl 

X ° 

O M 
3 C 

S 1 
<N O 
rt X 
(N ,u 
</3 C 

si 

^3 
SC 32 
w 'S 

co w 
cd C 
o -B 

<D wa 

x .a 

£ t: 

0 2L 

M O 
C * 

X p* 

CO /—N 

« tJ-r 

3d 

L* O 

^ 00 
"O x 
•D cd 

Iji 

g ^ 

1 v 

S3 

cd ^ v 
X Jg 
x *S 
X B 
X o 

C u. 

G eP 

w L-h 

« a 

- « C 

3 S S 

u w 5 

l 

S = | 

<! ^ S 



Further testing is being conducted on cast fine-grain Inconel 718. Previous testing in a 1000°F gaseous 
hydrogen environment has shown that this material meets the requirements necessary for usage in the 
ADP LOX Pump turbine design. This material is homogenized to remove the dendritic structure common 
to cast 718. 
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alternate configuration, featuring the L02 cooled bearing located inboard of the turbine disk. A simultaneous 
design effort will pursue retrofitting hydrostatic bearings into the turbopump configuration. 



Impeller Technology 

Wax patterns, which will be used for the investment casting of the ADP prototype impellers, have been 
fabricated by PCC. Minor enhancements were made to the tooling to correct a small wax shrinkage effect 
that occurred during the first wax injection. Two patterns have been gated and are awaiting the final 
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Two A286 material one-piece disk/shaft forgings fabricated by Cameron Forge are being machined to a 
sonic shape. Following NDI, one of the forgings will be fully characterized through material testing and 
metallurgical examination. This will determine if an acceptable grain uniformity is feasible for an A286 
material part in this large size. 
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Ongoing tests are being conducted to characterize cast fine grain Inconel 718 (PWA 1490) for the ALS 
L0X Pump turbine environment. More 1490 material has been supplied by a casting vendor. Previous 
testing in a 1000 F gaseous hydrogen environment, has shown that this material meets the requirements 
necessary for usage in the ADP L02 Pump turbine design. 



This testing is required to establish the required amount of data to substantiate its usage as a turbine housing 
material. 
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Five full-scale Inconel test impellers are being fabricated. Initially, two castings will be performed and 
analyzed to determine whether modifications in the casting parameters or the gating scheme are needed to 
improve the casting. All five castings are required to develop the optimal fine grain casting process for 
this impeller configuration. The DVS tasks will include spin testing two impellers for growth 
measurements and destructively analyzing another to determine if the microstructure meets the 



requirements of P&W Specification 1490. This specification is being developed for castings requiring a 
fine grain Inconel 718 microstructure. 
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- Cast impeller demonstration 

- Hydrostatic bearing development for the Lox Turbopump 

- Material evaluation 

- Ball bearing design, fabrication and test 
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impellers tor spin testing to determine its structural integrity at operating bpccus. 

February 1991 

The homogenization, hot isostatic press (HIP) and solution/ precipitation hardening parameters for the fine gram 
cast Inconel 718 test impellers have been established and agreed upon by P&W and Precision Castparts 
Corporation (PCC). One impeller is being prepared for a full heat treat and will then undergo metallurgical analysis 
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impellers was successful and one new impeller was poured in April, l nis impeller ana a previously idDncdieu 
impeller were post-cast processed together. Both impellers completed homogenization, hot isostatic press (HIP) 
and solution/precipitation heat treatment. The delivery of these impellers marks the beginning of the validation 
tasks required to demonstrate the feasibility of using a cast impeller in the ALS Lox Pump. Both impellers 
completed full NDT at PCC. 
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Metallurgical analysis of the first fine grain cast Inconel 718 impeller, representative of the ALS Lox Pump 
Impeller design, was initiated this month. This impeller was segmented and chemically etched to determine the size 
of the grains. Other sections of the impeller were used to machine tensile specimens for testing in room 
temperature and cryogenic conditions. This testing will further characterize the grain structure in the castings. 



A second cast impeller has been shipped to and received by Metalex Manufacturing Inc. for machining. This 
impeller will be machined for assembly with the spin arbor. The impeller is expected to be complete in August. 
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grain structure, developed excessive shrinkage in the blade/snroua intenace arier nomogenizauon uc<u ucauucw. 
The casting supplier will pour additional impellers after altering the casting process in a continuing effort to 
provide an optimum part. 

Material testing from the fourth impeller is continuing in P&W’s Materials Engineering and Test (ME&T) Facility. 
This tensile testing will determine whether a higher solution temperature will improve ductility over previously 
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requirements include the increased solution temperature. The next castings received from the casting supplier will 
be processed to the new homogenization, HIP, and heat treatment requirements. Tensile specimens will be 
machined from these castings to assure that the processing changes result in improved mechanical properties. 
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during the check spin to simulate subsequent tests. However, the leads to the data acquisition system were not i 
place. The check spin verified stability through all speed ranges planned for the strain survey. The first strain 
survey spin test will be conducted in early February. 

An additional impeller casting was delivered from the supplier. This impeller will undergo grain analysis and 



material property testing for further characterization of the fine grain Inconel 718 material generated in these 
prototype castings. 

The casting supplier is currently processing the last impeller to be delivered under the current purchase order. This 
impeller will undergo final heat treatment in February. 
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impeller is expected to be delivered in March. 



During March, spin test activities on the Oxidizer Turbopump prototype cast Inconel 718 impeller were delayed 
because the impeller was being returned from hardware displays in Washington. The impeller was returned to Pratt 

& Whitney in late March. 
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of this item will be discontinued. 
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both parties and procurement has been initiated. 

July 1991 

Work for updating the hydrostatic bearing conceptual design for use in the oxygen turbopump has been initiated at 
the Aerojet Propulsion Division and is scheduled for completion this fiscal year. 
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November 1991 

Final design of the hydrostatic bearing including bearing stiffness level, fit of the bearing Into the housing and 
shaft, and cooling flow rate, is being agreed to between P&W and the Aerojet Propulsion Division. The scheduled 
completion of the design was changed to the end of 1991 to reflect the reduction in available funding. 
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bearing. Preliminary design and material studies will begin in January. 

February 1991 

Detailed design of the ALS Oxidizer Turbopump representative ball bearings is in progress. The design is expected 
to be completed in February. Procurement of the ball bearings for rig testing will proceed through the remainder of 
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Procurement will be for 6 ALS design test ball bearings, Purchase Order Number F430151, and 6 rig bearings, 
Purchase Order Number F430149. Bearings will be procured from FAG Kugelfisher Georg Schaefer KGaA, 
Schweinfurt, Germany. 
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February 1992 

Procurement of raw material for the ball bearing races and balls continues. The material is of sufficient size to 
produce larger size bearings, such as 650K size, if necessary. 
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June 1992 

Plans to demonstrate the oxygen turbopump ball bearing stiffness in a test rig continue. ROMs for the test effort, 
instrumentation, and data recording are being obtained and will be presented to the CDT. 

Cost estimates for the larger 650K size ball bearing have been received from FAG. The purchase order will be 



modified to reflect the larger bearings. Delivery date will not be affected, since the material ordered for the 580k 
design can be used for the 650k design. 
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found acceptable for reoperation and continued testing. Bearings were provided to P&W for detailed inspection at 
GESP. 
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complete. These specimens which were machined from production run hardware have yielded data consistent wiui 
that of specimens machined from .5 inch diameter test bars. To date, the difference between the air and hydrogen 
environment notch properties are not statistically significant. The maximum property degradation was observed in 
the notched tensile properties of production hardware specimens tested at 1 OOOF and 5000 psig hydrogen. These 
properties were only 3.3% lower than the properties of specimens tested in air. 



Additional specimens from production PWA 1490 hardware are being low cycle fatigue tested in 1000 psig 
hydrogen. Previous results of LCF tests in 1000 psig hydrogen showed that the 1000F notched fatigue life of PWA 
1490 was not degraded. 

Smooth tensile tests (36) completed last year have also demonstrated that PWA 1490 suffers no significant debit in 
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hydrogen. These properties were only 3.3% lower than the properties of specimens tested in air. 

Other fine grain cast materials are being screened to determine their mechanical properties in the ALS Lox Pump 
Turbine environment. Cast Haynes 242 and PWA 1473 (Modified Cast Inconel 718) specimens are being machined 
and are expected to be tensile tested in the next two months. 
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August 1991 

Characterization testing of PWA 1490 (fine grain cast Inconel 718) material obtained from structural housings 
continued this month. Additional PWA 1490 specimens are being machined for completing the test matrix. 




Room temperature HCF testing of PWA 1490 in air is currently in progress. This testing will serve as a baseline to 
the room temperature HCF testing in hydrogen completed last month. 
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April 1992 

Characterization testing of PWA 1490 (fine grain cast Inconel 718) material obtained from structural housings 
continued this month. Room temperature tensile testing in 1000 psi hydrogen has been completed. This tensile data 
compliments previous room temperature tensile data obtained last year and completes that portion of the 
characterization matrix. HCF testing in hydrogen is still continuing. Other tests expected to be completed this fiscal 
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program is nearly complete. The 5 remaining HCF specimens required for testing have been machined. Early next 
month, the specimens will be submitted to the materials engineering laboratory for 1000° HCF testing in air. These 
5 HCF tests, which are planned for July, will mark the completion of the 134 point test matrix being completed on 
PWA 1490. A summary report of all testing completed under this task is currently being generated. The report will 
include all material property data produced from the 134 tests. This report should be completed by late August. 
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Material procurement and specimen machining is underway for cast nickel based alloys which have strong 
potential for use as turbine blade or vane material. Fine grain Mar-M-247 (PWA 1489) and conventionally cast 
Mar-M-247 (PWA 1447) material is being machined into test specimens for subsequent mechanical property 
testing. Smooth tensile, notched tensile, smooth LCF, and double notched LCF tests will be initially performed on 
both alloys in air and 1000 psi hydrogen at room temperature and 1 000°F. The alloys will be tested at the same 



points performed on fine grain cast Inconel 718 (PWA 1490) for the turbine housing characterization. The testing 
will provide comparison data for all three alloys for evaluation and selection of the blade and vane material. Also, 
the smooth LCF and UTS of each alloy will be factored in with the coefficient of thermal expansion, coefficient of 
thermal conductivity, and Young’s Modulus to predict the thermal shock characteristics of each alloy. Beyond 
thermal shock and structural property safety margins, other factors such as weldability, castability, machinability, 
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Fine grain Mar-M-247 (PWA 1489) material test specimens have been submitted for both smooth and double notch 
LCF testing. Tensile testing in air is complete on the PWA 1489 material. Hydrogen tensile testing will be 
completed in the following months. 

HCF data in air and hydrogen of the potential alloys was determined necessary for the evaluation and selection of 



the blade and vane material. Consequently, HCF specimen machining has started for subsequent testing in air and 
hydrogen of both fine grain Mar-M-247 (PWA 1489) and conventionally cast Mar-M-247 (PWA 1447) material. 

All Mar-M-247 (PWA 1447) material has been received in the form of castplates. Specimen machining for this 
material has begun. 
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The material property data generated on these three alloys, in conjunction with the PWA 1490 test data and other 
design factors, will be used by the Phase B blade/vane integrated product development team when selecting a 
baseline alloy. PWA 1490 is also being considered as a blade/vane material. 
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The material property data generated on these three alloys, in conjunction with the PWA 1490 test data and other 
design factors, will be used by the Phase B blade/vane integrated product development team when selecting a 
baseline alloy. PWA 1490 is also being considered as a blade/vane material. 
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can be processed (further warm worked) to create superior properties in this area of the shaft which currently 
requires more safety margin and added life. This task will involve warm working 4.25" dia. forged A286 bars into 
Super A286 material with a reduced diameter and then applying the subsequent heat treatment. The study will 
include analysis of the varying zones within the forging (Super A286, A286, & transition zone). 

Mechanical property testing of the A286 one piece disk/shaft forgings produced by Cameron Forge Co. is being 



delayed to allow for further analysis of the material content in the forging. Impurities contained in the one piece 
forgings may prevent this material from being tested. A decision will be made whether this material is suitable for 
mechanical property testing. 
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out specimen blanks for further testing at P&W. 
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February 1992 

Purchase orders for the full scale demonstration of the dual property one piece disk/shaft are expected to be placed 
in early February. Two basic one piece fabrication approaches are being considered. The first approach, which the 
early subscale studies were based, involves forging a disk preform with a stub shaft and then warm swaging the 



shaft down to the required envelope while also generating Super A286 properties. The second approach is to warm 
forge a starting bar to establish Super A286 and then warm upset the disk end while preserving high strength in the 
shaft. 
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properties in the disk/shaft operating environments. This testing will include smooth and double notched LCF tests 
at room temperature and 1000°F. Waspaloy, along with IN 100, is being considered as the baseline disk/shaft 
material since the use of A286 in the 650K design resulted in higher than acceptable bearing/shaft mounted hoop 
stress. 
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August 1992 

Waspaloy material testing in both air and hydrogen is being conducted to determine hydrogen debits on material 
properties in the disk/shaft operating environments. The mechanical properties of Waspaloy in 1000 psi are 
expected to be adequate for applying to the one-piece disk/shaft in the oxidizer turbopump. Double notched LCF 
tests at room temperature and 1 000°F is complete in both air and 1000 psi hydrogen. Smooth LCF testing at these 
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October 1992 

Waspaloy material testing in both air and hydrogen is being conducted to determine hydrogen debits on material 
properties in the disk/shaft operating environments. Due to an overload of jobs in the materials laboratory, no 
material testing was completed on Waspaloy this month. Smooth, strain controlled LCF tests at room temperature 
and 1000°F are complete in both air and 1000 psi hydrogen. The remaining LCF testing is expected to be 
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August 1992 

Twelve candidate seal geometries are slated for water flow testing to determine the optimum seal geometry. A 
parametric design study is being employed to determine the controlling geometric features for minimum flow 
leakage. During the month of July, three more candidate seals were water flow tested and data is being compiled. 


